The effect of the electrolyte concentration (NaCl aqueous electrolyte) on the dimensional variations of films of polypyrrole doped with dodecylbenzenesulphonate PPy(DBS) on Pt and Au wires was studied. Any parallel reaction that occurs during the redox polymeric reaction that drives the mechanical actuation, as detected from the coulovoltammetric responses, was avoided by using Pt wires as substrate and controlling the potential limits, thus significantly increasing the actuator lifetime. The NaCl concentration of the electrolyte, when studied by cyclic voltammetry or chronoamperometry, has a strong effect on the performance as well. A maximum expansion was achieved in 0.3 M aqueous solution. The consumed oxidation and reduction charges control the fully reversible dimensional variations: PPy(DBS) films are faradaic polymeric motors. Parallel to the faradaic exchange of the cations, osmotic, electrophoretic, and structural changes play an important role for the water exchange and volume change of PPy(DBS).
INTRODUCTION
Conducting polymers (CPs) offer an attractive approach to chemical driven mechanical actuators. Actuators built employing CPs work in a similar way as natural muscles and are therefore often addressed as artificial muscles. When an electric pulse arrives to the CP, a chemical reaction occurs varying the composition and properties of the material, including the volume that can be utilized as an actuator.
1,2 CP actuators have been demonstrated comprising many different conducting polymers (polyaniline, polypyrrole, poly (3,4-ethylenedioxythiophene) ) and dopants. [3] [4] [5] [6] They have been fabricated in a variety of sizes, 7 from nano-and microscale 8, 9 to centimeters scale 1,2 and in different configurations offering different kind of movements such as fibers or films producing linear movements, [10] [11] [12] bilayers and trilayers producing angular movements, 1, 2, 13 and as bulk material producing perpendicular expansion. [14] [15] [16] Polypyrrole (PPy) doped with dodecylbenzenesulfonate (DBS) is one of the most studied materials for actuators due to its good mechanical properties and the great volume changes occurring when the electrochemical reaction (1) occurs: 
where i is the electric current passing through the active PPy (reacting inside the electrolyte), F is the Faraday constant (F=96485 C mol -1 ), V is the volume of the PPy film in the electrolyte, k is the rate constant or rate coefficient, c is the concentration of the reactant j, β j is the reaction order of the reactant j, α is the symmetry factor, n is the number of removed charges per chain, R is the universal gas constant (R=8.314 J K -1 mol -1 ), T is the temperature, k' is the preexponential factor, E a is the activation energy, [(PPy n+ )(DBS -) n ] is the concentration of oxidized sites on the chains in the polymer film, [Na + ] is the concentration of Na cations in solution, [S] is the concentration of the solvent being exchanged during reaction (1) and a, b and c are the reaction orders associated to the oxidized polymer, cations and solvent respectively. Thus, any variable acting on the reaction rate (temperature, electrolyte concentration, solvent, electrode surface, concentration of active centers in the film) is expected to influence the swelling/shrinking rates and the actuating properties of the material.
The effect of the electrolyte concentration on the electrochemical response has been previously used to build concentration sensors. [21] [22] [23] [24] [25] Different methodologies allow following the concentration influence on the electrochemical responses of conducting polymers coating metal electrodes. Laslau et al. used modified scanning ion conductance microscopy. 26 Bay et al. measured the linear expansion of PPy(DBS) strips as a function of the electrolyte concentration using a forcedisplacement setup. They observed that the expansion decreased with increasing electrolyte concentration, which they explained by means of the osmotic expansion suffered by a polymer membrane in solution. 27 Studying the radial expansion of PPy(DBS) Carlsson et al. also obtained a decreasing final expansion with increasing electrolyte concentration. 28 However, the final expansion at concentrations lower than 0.15 M was extremely slow. When looking at the medium time scale the maximum volume change was obtained in 0.3 M solutions. The expansion rate increased with increasing electrolyte concentration, being fastest at 2 M and slowest at 0.05 M. These results indicate the dual nature of the volume change: ion insertion driven by the faradaic current which is dominating at the short time scale and solvent swelling driven by osmotic pressure which dominates at the longer time scale, thus resulting in an optimum expansion at 0.3 M for medium time scales.
Jo et al. found a maximum in the deflection of IPMC actuators with the concentration explained because of the osmotic presssure differences due to the different number of ions in the surface. 29 Skaarup et al. have attributed the different amount of exchanged solvent during actuation to the cation solvation number and to the different osmotic pressure in different electrolyte concentrations. 30, 31 Moreover the electrolyte concentration, also the substrate material and the solvent can play an important role on the actuation. When the voltammetric results in aqueous solutions from CP films coated on metals were represented as coulovoltammetric responses, the irreversible generation of hydrogen at the polymer/metal interface was detected and quantified at low cathodic potentials. 32 Here, we revisit the effect the electrolyte concentration on the actuation profile of the PPy(DBS) on metal substrates. Our custom-built set-up is based on a Laser Scan Micrometer (LSM) and allows for real time, non-contact measurements of the PPy(DBS) volume change during the redox reaction in deep detail 33 thus giving new insights in the mechanisms of the volume change of PPy. The potential range used in this study was selected in order to avoid parallel reactions caused by the substrate material. The final aim is to identify the different reactions and processes playing a key role in actuation in order to get improved electrochemical actuators and to develop new applications and products.
EXPERIMENTAL SECTION
Sodium chloride (NaCl, from Merck) and Sodium dodecylbenzenesulfonate (NaDBS, from TCI Europe for electrogeneration and Aldrich for characterization) were used as received. Pyrrole (Sigma-Aldrich) was distilled before used under vacuum and stored at -18 °C under nitrogen atmosphere. Ultrapure water was obtained from Millipore Milli-Q equipment.
Gold (Ø 0.5 mm) and platinum (Ø 1 mm) wires from Goodfellow were used as the working electrodes. The wires were electrically insulated with an electrically insulating heat-shrink polymer, but letting a length of 10 mm in the middle of the wire uncoated. Each of those wires was used for the polypyrrole electrodeposition. The counter electrode was a cylindrical gold coated plastic film, ensuring a uniform electrical field around the working electrode and thus a uniform PPy coating. The gold counter electrode was constructed by first depositing a chromium layer, 3 nm thick, onto an acetate sheet. On this adhesion layer a gold film, 200 nm thick, was then deposited. This flexible material was cut into the right shape to fit the electrochemical cell.
For the electrogeneration, a cylindrical electrochemical cell with a diameter of 2 cm was used. After generation the coated electrode was immersed in water during 20 seconds and then was dried for 3 minutes in air. The thickness of the polymer films were determined by difference between the diameter of the coated and uncoated wire, both measured with a Laser Scan Micrometer (LSM), keeping the position of the electrode constant. Then the polypyrrole coated electrode was weighed and the polypyrrole mass was obtained by mass difference between coated and uncoated electrode using a Sartorious BP210D balance (precision 10 -5 g).
The electrochemical characterization and parallel determination of the induced dimensional variation, i.e. the expansion of the PPy layer, was performed in a transparent plastic cell of 50 mL with a rectangular cross-section. A flat and rectangular platinized titanium electrode was used as counter electrode. The electrolyte was a 0.1 M NaCl aqueous solution, which was filtrated through a 0.2 µm filter to remove any potential particulate matter than could interfere with the LSM.
Electrochemical experiments were performed with a potentiostat-galvanostat Autolab PGSTAT-20 attached to a personal computer with GPES software.
Diameter variations were measured with a LSM from Mitutoyo (Mitutoyo LSM-501H) controlled by means of a display unit (Mitutoyo LSM-6100). From these diameter variations the diametrical (or out-of-plane or perpendicular) expansion and strain of PPy could be calculated as described in Fig 1 . In order to obtain dynamic measurements, the output signal of the LSM (diameter of the working electrode) was fed to the potentiostat where it was recorded simultaneously with the electrochemical experiments. More details about the LSM setup can be found in reference 33 . (Fig. 2a) from the uncoated metal wires show the flow of higher currents through the gold wire than through the platinum wire. The coulovoltammetric responses (Fig. 2b) Fig. 2b ) corroborate the presence of irreversible reduction reaction processes (a negative irreversible consumed charge) in both electrodes: reduction charges are greater than oxidation charges. Irreversible reduction charges, and the concomitant irreversible reaction (e.g. hydrogen evolution from aqueous solutions: it disappears from dry organic solvents 32, 34 ), are higher from the gold electrode than from the Pt electrode in the studied potential rage. The irreversible reduction reaction starts at -0.8V on Pt. On gold an initial irreversible shoulder is initiated at 0.0V on the cathodic branch of the voltammogram with a second irreversible reaction at more cathodic potentials than -0.8V. Those irreversible reactions can be the origin of the parallel degradation of both the polymer film electroactivity and the actuation of the artificial muscles.
Coated metals electrochemistry
In order to try to avoid these irreversible reactions the responses from PPy(DBS) coated Pt and Au electrodes were investigated by potential cycling between the cathodic limits of -1V or -0.8V, respectively, and the anodic limit of 0V at 20 mV s The closed coulovoltammetric loop obtained for this potential limit ( fig. 3d ) indicate that, by cycling the coated electrode between -0.8 and 0.0V in aqueous solution, the film oxidation charge equals the film reduction charge and no parallel irreversible reactions occur in the studied potential range. Therefore -0.8V was selected as the cathodic potential limit for the subsequent experiments being sure now that the full charge involved in experiments is only devoted to oxidize and reduce the PPy(DBS) film inducing the subsequent dimensional variations.
Dimensional variations during cycling
Under the above mentioned experimental conditions the variation of the electrode diameter was followed during consecutive potential cycles resulting in a reversible oxidation/reduction of the PPy(DBS) films. Figures 3e and 3f show the diametrical strain (i.e. relative thickness change) of PPy along the stationary potential cycle. As expected from any conducting polymer exchanging cations for charge balance (reaction 1) the PPy thickness decreases during oxidation (reaction 1 forwards, with flow of positive current on the voltammograms or positive increment of the charge along the coulovoltammograms) and increases during reduction (reaction 1 backwards, with flow of negative voltammetric current, or negative increment of the charge along the coulovoltammogram). The large reversible expansion of ~30 % is similar to previous reports. 14, 28, 33 The remarkable result now is that after 150 cycles almost the same dimensional variations are observed while in previous descriptions of large linear dimensional variations the range of the dimensional change used to decreased down until around 1% after a few cycles. (Figure 3e from Au; 3f from Pt) measurements were recorded. After the square potential waves from -1V to 0V, a degradation of the PPy(DBS) layer on the cylindrical Au electrode (Fig. 3b) was observed: the voltammetric charge after 150 cycles decreased to 60% compared to that of the control before cycling. A similar drastic decrease of the PPy(DBS) diametrical strain was observed (Fig 3e) . However, using a Pt substrate and a cathodic potential limit of -0.8V, the voltammetric, coulovoltammetric and PPy(DBS) strain curves before and after 150 cycles overlapped (Fig 3 d,  f) , indicating fully reversible reactions.
In conclusion, by limiting the cathodic potential to -0.8V and using a Pt electrode irreversible reactions at the metal/polymer interface are avoided and the actuation of PPy(DBS) remains stable under potential cycling: the actuation lifetime is significantly increased. Fig. 4a . Similar anodic responses were obtained for the different concentrations, with the oxidation maximum around -0.35 V. The reduction maximum shows a strong influence of the electrolyte concentration, shifting anodically when the electrolyte concentration increases up to 2M and then cathodically until 3M. As a consequence, the potential difference between the anodic and the cathodic maxima decreases (Table 1 ) when the concentration increases until 2M and then increases for 3M. Those gradients indicate the ionic resistance gradient between the cation's expulsion (anodic, oxidation) and its entrance (cathodic, reduction). During the anodic potential sweep the material starts from a similar swollen and reduced state every time and the influence of the electrolyte concentration on the material oxidation and expulsion of the cations (reaction 1 forwards) towards the solution is very minor. During the cathodic potential sweep the material reduction (reaction 1 backwards) begins from a shrunk and conformational packed structure. The experimental results indicate that the electrolyte concentration has only minor influence on producing shrunk structures, not influencing the entrance of cations during reduction. The reduction maxima shifts to lower overpotentials when the cation's concentration increases, as expected for any electrochemical reduction: since the cation from the electrolyte is a reactant of the reaction 1, the increase of a reactant concentration is expected to give rising reaction rates (Eq. 2) at lower overpotentials. As a further matter, rising electrolyte concentrations are expected to give rising ionic conductivities of the solution and rising ionic diffusion rates due to the rising gradients. 32 
Coulovoltammetric responses
As expected from the selected potential range, closed stationary coulovoltammetric responses were obtained after three consecutive potential cycles for each electrolyte concentration used ( Fig. 4b) : only reversible redox processes in the PPy film were involved. The film redox charge is the difference between the coulovoltammetric loop minimum and its maximum. In the studied potential range, the redox charge first increases with the electrolyte concentration up to 0.15-0.3 M and then decreases for higher concentrations ( Fig. 4b and Table 2 ). Different redox charges indicate that only a fraction of the film polymer chains participate in the oxidation/reduction reactions and that the electrolyte concentration promotes a shift of the fraction magnitude. That means that a fraction of the film, even if the chemical (electrolyte presence) and electrical (applied potential range) conditions are suitable for the reaction, does not react due to some structural restrictions during the reactions. The reaction driven conformational movements of the chains generate the required free volume to lodge balancing cations and water. Those conformational movements also are expected to be influenced by the solvent, acting as a plasticizer. In this way shifts of the oxidation charge from Table 2 could point to some similar shifts on the relative water content in the most reduced state of the material attained at the cathodic potential limit.
The full dimensional changes are faradaic processes
The expansion of the PPy(DBS) layer on the Pt wire follows loop evolutions parallel to those observed for the coulovoltammetric responses (Fig. 4c) .The total expansion (difference between the loop maximum and the loop minimum) induced by the electrochemical processes in the film also presents a maximum at 0.3 M.
By combining the consumed charge (Fig. 4b ) and the PPy expansion (Fig. 4c ) data, the evolutions of the PPy dimensional changes as a function of the consumed charge (Fig. 4d) were obtained. During the film reduction (swelling) the diameter increases linearly with the charge, see Fig. 4d . These results corroborate the faradic nature of the actuation;
where Δd is the thickness change (expansion) and ΔQ the consumed charge and k is a constant characteristic of the system (polymer, solvent and salt), as previously was obtained from bending CP actuators. 37 Reaction 1 drives the involved charge (Q) and the dimensional variations (free volume generation) required to lodge/expel cations (one Na + per charge) and water molecules. During oxidation (shrinking), this variation is not linear. A faster thickness change occurs at the beginning of the oxidation, the shrinking rate per unit of charge (slope at any point) is always greater than the constant slope attained during reduction. The extra volume change per unit of charge must be due to water (not cation) draining. Thus, a fast solvent draining, probably by electrophoresis combined with some structural change in the film (in a similar way to the drying processes during the industrial electrodeposition of paint films) 38 is proposed as origin of the observed fast dimensional changes. The thickness variation at the end of the potential cycle is much slower pointing to that, as most of the water was drained, here the major part of the shrinking is caused by expulsion of cations with a smaller amount of water per charge unit. The closed loop indicates that the overall number of expelled cations and water molecules during oxidation equals those entering during reduction. A better experimental definition of the slopes could allow the quantification of the instantaneous solvent exchanged per unit of charge. The fast evolution of the dimensions at the beginning of the anodic potential sweep indicates that most of this solvent is required for osmotic balance with a minor fraction linked to the cation (solvated water). Table 2 summarizes the dimensional variations and the involved charges from Fig. 4 . As can be seen the expansion of PPy increases from 0.0375 M, reaches a maximum at 0.3M and thereafter decreases. The same evolution can be seen for the consumed charge having a maximum at 0.15-0.3 M. Surprisingly, the film expansion per unit of charge also presents a maximum at 0.3 M. Following the previous paragraph this results should indicate that the number of water molecules exchanged per unit of charge (per exchanged Na + , or per generated or eliminated active center on the polymer chain) involved in the reaction also changes with the electrolyte concentration in parallel to the total charge evolution.
It can be summarized that the dimensional variation of the PPy film during reduction in NaCl aqueous solutions is due to the parallel insertion of cations and solvent. The relative insertion of both components changes with the electrolyte concentration getting the maximum expansion efficiency per unit of charge, thus the higher amount of exchanged solvent per unit of charge, at 0.3 M. During the polymer oxidation electrophoretic and structural processes, produce a fast solvent draining per unit of charge at the beginning of the oxidation and a very low solvent draining per unit of charge at the end of the oxidation.
Chronoamperometric results
The PPy(DBS) redox reactions and dimensional changes were now checked by submitting the electrode to 8 consecutive potential steps from a constant reduction potential (-0.8 V), kept for 150 s, to a constant oxidation potential of 0 V, kept for 150 s, in each of the studied electrolyte concentrations. In this way any structural memory is erased during the initial square waves resulting in reproducible chronoamperometric responses from the final waves. Before and after this treatment in every concentration the state of the film was checked from the reproducible voltammetric responses in 0.1M NaCl. When the charge of the voltammetric post-control differs more than 5% from that of the voltammetric pre-control, a new film was used for the experiments.
The steady state chronoamperometric responses from the different studied concentrations are shown in Fig. 5a (film oxidation) and Fig. 5b (film reduction) . Both anodic and cathodic responses show a maximum and shoulders (see inset figures), which are far away from the expected Cotrell responses for diffusion-controlled processes. Chronoamperometric shoulders and maximums are characteristics responses when structural molecular (conformations) or macroscopic (swelling/shrinking, compaction/relaxation) transformations during both oxidation and reduction reactions. 32 The conformational relaxation model predicts the polymeric shrinking and subsequent conformational compaction by cation expulsion during the anodic oxidation. This fact should explain the presence of a nucleation/relaxation shoulder or maximum on the cathodic chronoamperometric branches, indicating the entrance of cations through those points (nuclei) of the polymer/solution interface where the chains have a greater mobility. 39 The presence of similar maxima or shoulders on the anodic responses indicates that the swollen reduced polymer PPy(DBS -) n (Na + ) n (S) m presents an energetically stable structure, still not described by the literature. The oxidation and transformation of the reduced structure begins by oxidation-nucleation, as deduced from the characteristic nucleation maximum on the anodic chronoamperogram. The electrolyte concentration influences the kinetics of both, oxidation and reduction, structural changes as deduced (Inset Figs. 5a and 5b, respectively) from the initial current steps.
The parallel PPy dimensional changes as function of time for the different electrolyte concentrations is shown in Fig. 5c (film oxidation) and Fig. 5d (film reduction) . A faster expansion is observed at the beginning of the actuation, corresponding with the initial current peak. After few seconds, a slow expansion is observed. Slopes from Figs. 5c and 5d, obtained from the average values of several points to minimize noise, give the expansion rate shown in Figs. 5e and 5f. The inset figures present the evolution of those expansion rates during the initial 10 seconds of oxidation and reduction, respectively. By comparing the insets from Figs. 5a vs. 5e and from Figs. 5b vs. 5f a good correlation can be noticed between the flowing current (charge per unit of time) and the expansion rate, as expected for a faradaic process. Following the procedure above described for the voltammetric responses, the consumed oxidation and reduction charges were obtained by integration of the chronoamperometric responses and compared with the concomitant expansions and initial expansion rates in every electrolyte concentration (Fig. 5g) . As before, a good correlation was attained and we see the same maximum at 0.3 M occurring for charge, expansion and expansion rate.
DISCUSSION
The attained experimental results have proved the important influence of the irreversible processes, occurring at the conducting polymer-metal interface, on the film responses and on its lifetime. A significant degradation (60 % of the initial film redox charge) is observed when the PPy(DBS) material was deposited on a gold wire and cycled (150 cycles) in the potential range from -1 V to 0 V. The observed effect of the metal substrate and the potential range on the occurrence of irreversible reaction promotes a fast degradation of the actuating material. Those results suggest that the electrochemical studies of conducting polymers coated on metals (as electrodes or as part of devices: for Electrochemical Quartz Crystal Microbalance (EQCM) experiments, membranes, actuators, batteries, and so on) in aqueous solutions from the literature, and their conclusions, should require some reconsideration looking for the possible presence of the irreversible hydrogen release.
Both, cyclic voltammetric results (Fig. 4d ) and chronoamperometric results (Fig. 5g) show a linear relationship between the consumed charge (∆Q) and the dimensional variations (expansion/contraction, ∆d) of the PPy(DBS) film (Eq. 3) for all the studied concentrations. This is the expected result if the dimensional variation is induced by reaction 1, corroborating the faradaic origin of the dimensional changes in linear CP actuators. Similar faradaic results have been found from bending polymeric actuators constituted by different CPs and in different electrolytes.
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A maximum dimensional variation per unit of charge (Table  2) is attained when the concentration ranges between 0.15 and 0.3M. The same evolution can be seen for the consumed charge having a maximum at 0.15-0.3 M, which would be expected since PPy behaves as a faradaic motor. Interestingly, also the expansion per unit of charge presents a maximum at 0.3 M. This clearly shows that the reversible dimensional variation of PPy films driven by electrochemical reactions has two components: insertion of cations and insertion of solvent. Subsequently at 0.3 M both more charge (cations) and more solvent per unit of charge is exchanged between the film and the solution.
This result indicates that a different amount of water molecules are exchanged per unit of charge from electrolytes having different salt concentrations. The decrease in expansion per charge from 0.3 M to 3 M follows what would be expected for an osmotic exchange: the concentration difference of the cations between the solution and the polymer decreases, decreasing the osmotic pressure and less solvent penetrates from the solution per unit of oxidation charge. 30, 31 The subsequent lower swelling ration gives a more stiff polymeric structure (the solvent acts as a plasticizer), less polymer chains are available for oxidation/reduction inside the film and the charge involved to oxidize and reduce the film inside the same potential range decreases.
Reaction 1 and the subsequent reduction rate (Eq. 2) can explain the attained results: When the electrolyte concentration increases the film reduction rate (r) increases, the equilibrium becomes more and more shifted towards the reduced state, (PPy) (DBS -) n (Na + ) n (H 2 O) m driving more ions and water (m subindex) per unit of time into the film to give a softer and wetter film. The easier conformational movements due to the presence of a higher content of water inside the film allow a deeper film oxidation and reduction: the average oxidation charge per chain (n subindex) increases with the electrolyte concentration.
By increasing the electrolyte concentration the percentage of free water molecules, [H 2 O], in solution decreases: it takes part of the solvated ions. Apparently when the salt concentration overcomes 0.3M the concentration of free water,[H 2 O],becomes so low that it starts to influence the reaction rate (Eq. 2). Lower concentration of free water give lower reaction rates less water penetrate into the film (lower osmotic pressure) the plasticity decreases and the reaction deep (the involved charge) decreases.
The electrolyte concentration also has an important influence on the asymmetric potential shift of the maxima on the voltammetric results (Fig. 4a and Table 1 ) and chronoamperometric responses ( Fig. 5a and 5b ). In PPy(DBS) the polymer oxidation promotes the faradaic (Fig. 4d) film shrinking, closing and compaction by expulsion of counterions and water. 32, 40 The subsequent film reduction with the entrance of cations starts by nucleation-relaxation giving a maximum or a shoulder on the chronoamperometric responses. Faster nucleationrelaxation processes occur when the concentration rises up to 0.6-1M. Then for higher concentration the chronoamperograms show lower currents indicating that a lower fraction of the polymer film participates in the reaction.
The anodic chronoamperograms, Fig. 5a inset, corroborate that the reduced and swollen material PPy(DBS -) n (Na + ) n (S) m also presents an energetically stable structure that only can be broken to expel the balancing cations towards the solution by a slow nucleation initiated processes. The physical-chemical characterization of this second structure, still not studied, requires a deep analytical and theoretical treatment that is being performed by Otero's group.
Both structural processes (the anodic shrinking and packing and the unknown cathodic stable structure) are interconnected. More packed anodic structures and more stable reduced and swollen structures obtained from the lower studied concentrations obstruct the subsequent polymer oxidation/reduction, giving ( Table 2, Figs. 5a , 5b and 5g) slow subsequent oxidation and reduction processes and low film reaction charges. The increase of the electrolyte concentration up to 0.15M favors the structural transformations giving: rising charges (Figs. 4b and 5g) , lower potential gradients between oxidation and reduction voltammetric maxima, greater initial chronoamperometric currents and faster reactions (lower times for the chronoamperometric transitions (insert Figs. 5a and 5b) . From there, higher concentrations promote decreasing oxidation and reduction charges here attributed to the lower content of free water in the electrolyte.
The linear relationship observed (Fig. 4d) between the reduction voltammetric charge and the diameter increase (swelling) was not kept during anodic potential sweep. During oxidation (shrinking) a fast decrease of the diameter is observed at the beginning of the anodic potential sweep. The diameter decreases faster than expected from the number of expelled ions, obtained from the charge thorough the Faraday's law: n (mol) = Q (C)/F (C mol -1 ). This fast decrease of the actuator diameter indicates fast solvent draining by electrophoresis: each expelled cation pushes outside the film the water present in front of it. A similar effect is being used for decades to get dry industrial paint films by electrodeposition. 38 The diameter variation rate at the end of the potential cycle is much slower indicating the expulsion of a lesser amount of solvent per cation. A better experimental definition of the slopes could allow the quantification of the solvent exchanged per cation along the potential cycle. The uniform variation of the actuator dimensions during the cathodic potential sweep indicates a parallel entrance of cations and water (the same number of water molecules per cation) during the reduction. The fast evolution of the dimensions at the beginning of the anodic potential sweep indicates that most of this solvent is required for osmotic balance and with a minor fraction linked to the cation (solvated water).
Furthermore the electrolyte concentration influences, inside the studied potential ranges, the involved redox charge and, therefore, the faradaic composition, PPy(DBS -) n (Na + ) n (S) m , of the polymer film. It also influences the extension of physical processes as electro-osmotic and electrophoretic rates along the reactions as indicated by voltammetric, coulovoltammetric, chronoamperometric and electrochemomechanical results.
CONCLUSIONS
The actuation profile of PPy(DBS) coated wires was studied in different NaCl aqueous electrolyte concentrations and on different substrates: Pt and Au wires.
The substrate influences the presence of irreversible reactions, such as the water electrolysis at low cathodic overpotentials, in parallel to the polymer redox reactions. Faster polymer degradations, with loss of involved charge, were observed induced by those parallel reactions influencing the polymer dimensional variations and the actuator lifetime. This irreversible reduction reaction start at 0.0V on Au and at -0.8V on Pt electrodes coated with PPy(DBS) films. By using a Pt electrode and keeping potential range between 0.0 V and -0.8 V, those parallel reactions are drastically reduced and the lifetime of PPy(DBS) is significantly increased. These results suggest that the electrochemical studies of conducting polymers coated on metals (as electrodes or as part of devices: for Electrochemical Quartz Crystal Microbalance experiments, membranes, actuators, batteries, and so on) in aqueous solutions from the literature, and their conclusions, should require some reconsideration looking for the possible presence of the irreversible hydrogen release.
The effect of the electrolyte concentration on the reversible dimensional variations (diametrical or radial expansion) of the PPy(DBS) coated Pt wires was studied in the potential range of 0 to -0.8V by different electrochemical techniques: cyclic voltammetry and chronoamperometry. The change of the diameter between two redox states is a faradaic process, which means that occurs under control of the exchanged charge (reaction 1).
The expansion of PPy(DBS) shows a maximum at an electrolyte concentration of 0.3M. The same maximum was seen for the consumed charge, the expansion per unit of charge, and expansion rate. From those results it is deduced that the reaction driven (Eq. Voltammetric and chronoamperometric responses indicate the presence and participation of two different and energetically stable structures of the film: an oxidized structure of packed conformations described by the ESCR model and a new reduced and swollen structure still not described by the literature. They are transformed one into the other by reduction or oxidation, respectively, under initial nucleation-relaxation processes and including structural conformational relaxation, swelling, shrinking and compaction process. Both structures are deeply influenced by the electrolyte concentration. The solvent exchange plays an important role during the reaction induced dimensional variations due to the presence of simultaneous osmotic (reduction) and electrophoretic (oxidation) process. The solvent has a direct effect on the volume change through the osmotic pressure and an indirect effect, as plasticizer, influencing the electrochemically induced conformational movements, the charge transfer rate and the fraction of the film chains participating on the reaction.
These studies elaborate the complex process of the volume change of PPy where several processes (charge transfer, ion influx, solvent influx, conformational changes) all occur not only in parallel but also influence each other. 
